Abstract: Protection of natural water resources like lakes from the onslaught of hazardous municipal wastewater is often a challenge particularly in the cold regions. For treatment of enormous quantity of municipal wastewater, biological treatment is normally adopted but high COD (Chemical Oxygen demand) of such wastewater turns biological treatment slow and difficult. At low temperature environment, effective treatment of such municipal wastewater becomes extremely difficult due to weakened microbial activities. The present study was carried out with a hybrid approach comprising chemical treatment and membrane separation under psychrophilic conditions. Well-known Fenton's treatment was adopted under response surface optimized conditions that helped recovery of nitrogen and phosphorus nutrients as value-added struvite fertilizer or magnesium ammonium phosphate (NH4MgPO4·6H2O). The optimal COD removal was found to be 96% at a low temperature of 15 o C and pH of 6.3 using Fe 2+ /H2O2 ratio of 0.10 and of H2O2 1.9 g/l with reaction time of 2 h. Down-stream purification of the struvite-free water by microfiltration and nanofiltration largely fouling-free flat sheet cross flow membrane modules ultimately turned the treated water reusable through reduction of dissolved solids, conductivity and salinity.
INTRODUCTION
Natural water bodies have been subjected to severe environmental degradation mainly due to urbanization, discharge of dirty sewage water, industrial wastewater and agricultural run-off. Even the famous Dal lake of Kashmir one of the most beautiful lakes of world could not escape such onslaught. Poorly treated municipal wastewater with high load of nitrogen and phosphorous often leads to eutrophication of natural water bodies. Improper treatment of such municipal wastewater can often be traced to difficulty of treating complex wastewater in conventional methods particularly at low temperatures. Biological treatment of enormous quantity of municipal wastewater is often a standard choice being cheap. However, conventional biological treatment is quite slow at low temperature due to impeded microbial activities and dramatic increase volume of wastewater with ever increasing population and urbanization aggravates the problem further.
Traditionally, activated sludge process (ASP) has been widely used for treatment of municipal wastewater mainly exploiting its capability of treating large volume of wastewater in a compact plant with reasonably high degree of removal efficiency. However, it has high operational and maintenance cost [1] . Moreover, conventional activated sludge process fails to remove the pathogenic microorganisms and hence treated water can neither be discharged directly into natural water bodies without further treatment nor can be reused [2] . Sequencing batch reactor (SBR) is one of the most promising and feasible modification of activated sludge process which is usually employed for biological nutrient removal [3] . The SBR also requires high level of sophistication of timing and controls [4] . Membrane Bioreactors (MBR) have also been gaining importance over the recent years by virtue of their capability of producing high quality of effluents, reduced system volume, higher mixed liquor suspended solids and perfect sludge retention time control [5] . High removal efficiency (above 85%) has been reported in this treatment of wastewater high with nitrogen, phosphorous and COD [6] . However, membrane fouling and relatively higher overall cost are the main drawbacks of this system [7] . Mixed liquor suspended solids, colloidal and dissolved organic matters primarily contribute to membrane fouling [8] where properties of the membrane themselves play a very strong role.
The biological treatment of wastewater is quite time-consuming and has the disadvantages huge sludge generation. The chemical treatment on the other hand is quite fast. Low cost adsorbents are being used for the removal of organic matter from wastewater. The mixed adsorbent carbon and commercial activated carbon showed COD and BOD removal of COD and BOD of more than 95% [9] . The coagulation process has higher removal efficiency of COD and suspended solids. Optimization of alum coagulation process has been reported for successful removal (85%) of COD and TSS at room temperature [10] . A combined pretreatment unit for municipal wastewater in which coagulation, flocculation and sedimentation were carried out resulted in removal of TSS, COD and phosphorous by 83%, 65% and 76% respectively [11] . Fenton's treatment is gaining attention as an advanced oxidation technology and is readily employed to treat wastewater as it is much cheaper and easier to operate than other oxidation techniques [12] . It is mainly used when higher reduction of COD is required. It is being successfully used in treatment of industrial wastewater, pharmaceutical wastewater, olive oil mill wastewater, bamboo industry wastewater, landfill leachate etc. The main advantage of Fenton's reagent is that no energy is required to activate H 2 O 2 and hence it is a cheap source of hydroxyl radicals [13] . Fenton's process when coupled with SBR for treating bamboo industry wastewater was found to have COD removal efficiency of 86-97% [14] . Optimization of various parameters overcoming their mutual interactions can be successfully done by using response surface methodology (RSM). It uses experimental design such as central composite design (CCD) to fit the model by least square [15] . The competence of the model is then verified using analysis of variance (ANOVA). Hence the present study uses Fenton's treatment for the removal of COD from municipal wastewater. The recovery of struvite (magnesium ammonium phosphate) as a fertilizer from wastewater makes the treatment of wastewater more economical. The NH 4 + -N and phosphorous recovery to the tune of 40-90% and 30% respectively has been reported [16] . The optimization of struvite precipitation in swine wastewater resulted in more than 90% phosphorous recovery [17] . Batch experiments carried out for the recovery of NH 4 + -N as struvite could reduce 98% of NH 4 + -N from simulated wastewater [18] . A membrane integrated hybrid treatment scheme for the treatment of industrial wastewater resulted in more than 95% of NH 4 + -N recovery as struvite [19] . Nanofiltration falls between ultrafiltration and reverse osmosis and has successfully being used for reclaiming the wastewater [20] . The reuse of municipal wastewater for various purposes such as agricultural and industrial water source has reduced the load on natural water resources [21] .
Integration of downstream micro and nanofiltration in cross flow membrane modules with chemical precipitation following optimized Fenton's method in treatment of municipal wastewater is yet to be reported in the literature despite potential of high degree of purification of municipal wastewater along with production of by-product struvite fertilizer in an economically attractive hybrid process. The present hybrid treatment approach is expected to fill this technology gap with promise of fast treatment in low temperature environment.
MATERIALS AND METHODS

Materials
All the chemicals used were of reagent grade and were used directly without further purification. The chemicals such as ammonium chloride, hydrogen peroxide, iron (II) sulphate, phenol, sodium nitrate and sucrose were obtained from Merck (Germany). All the solutions were prepared by using deionized water from the Milli-Q purification system (USA). The thin film composite polyamide nanofiltration membranes were purchased from Sepromembranes Inc.(USA) and poly vinylidene fluoride (PVDF) microfiltration membranes from Membrane Solution respectively (USA).
Wastewater Sampling and Characterization
Sample municipal wastewater was collected from the sewage treatment plant Laam, Srinagar, Jammu and Kashmir, India. After characterization of the collected sample water, subsequent experimental investigations were conducted with water simulated with characteristics of the wastewater that makes its way into the Dal Lake. The simulated wastewater was prepared by tap water amended with stock solution of disodium hydrogen phosphate, ammonium chloride, sodium nitrate and sodium carbonate. No microelements were added as they were already present in tap water. The characterization of the wastewater is presented in Table 1 .
Experimental Set-Up
The schematic diagram for the hybrid process is shown in Figure 1 . The experimental setup consists of a series of continuous stirred tank reactors (CSTR). Reactor levels are adjusted to allow water flow under gravity from the first unit to the last unit without use of additional pumps in between. The first CSTR is Fenton treatment unit in which ferrous sulphate heptahydrate and hydrogen peroxide are added. This is followed by a settling tank where the sludge is removed. Then another reactor is used for struvite formation. This is followed by a flat sheet cross flow microfiltration membrane module for separation of struvite. Cross flow modules are less prone to fouling as compared to hollow fiber and spiral wound membrane modules. Finally, flat sheet cross flow nanofiltration membrane modules are used for the removal of salts produced during struvite formation. Temperature of the feed tank was maintained constant by temperature controller. The effective filtration area was 100 cm 2 . The pH of the system was maintained by 5M NaOH and HCl solutions.
Experimental Procedure
The municipal wastewater was first subjected to chemical treatment consisting of two steps. Initially the wastewater was treated with Fenton's reagent (FeSO 4 ·7H 2 O and H 2 O 2 ) for COD removal. Fenton's process was optimized using response surface methodology (RSM) of Design Expert Software (version 8.0). The central composite design (CCD) was used for the four parameters namely pH, temperature, Fe 2+ / H 2 O 2 and Fe 2+ . First batch experiments were carried out for optimization of Fenton's reagents in a 250 ml conical flask containing 100ml wastewater in incubator and shaker set at 160 rpm and operating temperature of 15 0 C for 2 h which was then extended to continuous treatment. The effluent after Fenton's treatment was passed to the settling tank from where the supernatant was passed to the second reactor in which ammonium-N and phosphate were converted into struvite by the addition of magnesium salts. This was followed by another settling tank where majority of struvite settled down. Then the chemically treated effluent was micro-filtered at low pressure by a flat sheet cross flow microfiltration module for the separation of struvite. Permeate of the first module was then passed to a second nanofiltration cross flow module for removal of all charged and non-charged particles following Donnan steric and sieving mechanisms [22] .
Analytics
The ammonium-N content was determined using Orion 4 Star pH ISE bench-top ion meter using Orion Ammonia Electrode. The electrode was first calibrated using 10 and 100 ppm standard ammonium solution. COD and phosphate content were calculated by the standard procedures described in standard methods [23] . The analysis of COD was done in spectrophotometer by Thermo Scientific at the wavelength of 600 nm. Total carbon and total inorganic carbon (TIC) were determined by TOC Analyzer (Aurora 1030 USA). In case of nanofiltration the percentage removal of contaminants (given by rejection, R %) were calculated using the initial concentration of the feed (C i ) and the final concentration on permeate side (C f ) using the Eq. 1 given below.
RESULTS AND DISCUSSION
Fenton's Treatment for COD Removal
Hydrogen peroxide is strong oxidizing agent. Table 2 .
Optimization was done using response surface methodology (RSM) of Design Expert software. In this statistical method, process optimization is carried out based on the input data provided. Response surface optimization is carried out in three steps i.e. statistical design of experiments, estimation of coefficients of mathematical model and examination of adequacy of model [24] . The experimental design used in the present study was a central composite design (CCD) which fits a model by least square technique [15] . CCD is applicable for fitting a quadratic surface and the optimization as well as interaction of parameters is achieved by least number of experiments [25] . It consists of 2 k factorial runs, 2k axial runs and k c central runs, where k denotes the number of variables. For four factors the total number of experiments was calculated from Eq. 10 as: From the fit summary section in design, the F value of 45.0and P (<0.0001) value of less than 0.05 were obtained for COD removal respectively indicating that the model terms are significant. Adequacy of the model is shown with the help of diagnostic checking tests provided by analysis of variance (ANOVA). The relationship between the output and the input parameters is given in terms of coded factors represented by Eq. 11 and the statistical parameters obtained are given below in Table 3 . Figure 2 in which the clustering of points along the diagonal indicated the ability of the model to predict the experiment. The coefficient of variance is the ratio of standard error of estimate to the mean value of observed response (as percentage). It gives the measure of reproducibility of model and should generally be not more than 10% for a model to be considered reasonably reproducible. The CV value of 9.7 in our present experiment indicated a good reproducibility. The adequate precision value is the measure of signal to noise ratio and should be desirably more than 4 [26] . We obtained AP ratio of 26.4. Hence the model can be used to navigate the design space. For better understanding of the results, the predicted models are represented as three dimensional response surface plots as given in Figure 3 
Removal of Ammonium-N and Phosphate as Struvite
After Fenton's treatment, ammonium-N and phosphate were precipitated out as magnesium ammonium phosphate (struvite) in struvite formation unit. Struvite is formed by the following chemical reaction expressed by Eq. 12 [27] .
When struvite is formed, hydrogen ions are released into the solution causing decrease in pH as shown by Eq. 13. At low pH these hydrogen ions inhibit struvite formation while at high pH other precipitates were formed instead of struvite. It was found that a pH value of 9.0 maintained using NaOH and HCl solution gave better recovery of struvite. The salt production results in increase of salinity and conductivity of water which is successfully removed by the nanofiltration membrane. NH 4 + -N removal follows first order kinetics with the first order rate equation as given by Eq. 15 where C o is the initial concentration of reactant and C e is the equilibrium concentration indicating that the reaction was complete.
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The struvite precipitated out and settled at bottom of the tank if stirring was stopped. The content of struvite in precipitates was confirmed by scanning electron microscopy (SEM), Fourier transform infra-red analysis (FTIR) and X-ray diffraction (XRD) as shown in Figure  4 . Thermo-gravimetric analysis (TGA) was done in presence of nitrogen at 10 o C/min. The data has revealed that mass loss has begun at temperature 55 o C and completes when temperature rises above 250 o C. The decomposition reaction for struvite is given by Eq.16 [19] .
The DTGA curve shows a single peak at 103 o C due to the loss of ammonia and water molecules. The XRD and SEM profiles are similar to that of struvite as reported elsewhere. The FTIR showed that after TGA the water stretching broad band is at 3405-3650 cm -1 .
Membrane Separation
The struvite formed was separated out with the help of cross flow microfiltration membrane module operated at low pressure of around 2 bars. The PVDF microfiltration membrane module recovered more than 99% of struvite formed. Maximum flux of 710 l m -2 h -1 was obtained at 2 bar transmembrane pressure (TMP) and cross flow velocity (CFV) of 1.25 m/s. Initially the flux is declined due to precipitation of struvite and due to cake layer formation but it reaches a steady value after certain time. It was also observed that the increase in concentration of struvite caused decrease in flux.
The concentration of ions in the effluent was increased due to addition of ions and salts during struvite formation. Thus nanofiltration was employed for the removal of these trace elements and remaining ammonium and phosphate ions and COD. Hence it acts as a final polishing step for potential reusable water. We analyzed four different polyamide composite membranes (NF1, NF2, NF3 and NF20) in cross flow membrane module. A plot of permeate flux versus transmembrane pressure (as shown in Figure 5 ). This is because NF2 membrane has more pore radius (0.57 nm) as compared to NF1 membrane (0.53 nm). The NF20 and NF3 membranes has intermediate flux (125 and 134 l m   -2   h   -1 respectively) as their pore radius was in between that of NF1 and NF2 (0.54 and 0.55 nm respectively).
The effect of transmembrane pressure on the rejection of TDS, conductivity and salinity are given in Figure 6 . It was observed that with the increase in transmembrane pressure the rejection also increased from 55.5% to 87%, 62.5% to 88.4% and 68.5% to 95.8% for TDS, conductivity and salinity respectively by NF1 membrane. It was also observed that there was no improvement in rejection of ions beyond operating pressure of 16 bars. The two transport mechanisms for nanofiltration are solution diffusion mechanism and size exclusion mechanism. In case of solution diffusion mechanism, transport occurs only by diffusion. With the increase in transmembrane pressure the solvent flux increases without increasing the solute flux because the solute flux and solvent flux are uncoupled. Hence when we increase transmembrane pressure the pure water flux is increased while the solute flux remains constant. However in case of size exclusion mechanism the separation is done on the basis of relative size of membrane pore and solute [28] . The solute particles having size larger than the pore size of membrane do not pass through and form a cake layer while solvent and the solute with smaller size pass through the membrane. Donnan exclusion also plays an important role in separation of solute by nanofiltration. The nanofiltration membranes carry charge and hence they attract the solutes with opposite charge (counter-ions) and repel the solutes with similar charge (co-ions).
It was observed that the pore size of polyamide nanofiltration membrane varies with the solution pH. The osmotic pressure and ionic strength increases at higher pH, thus reducing the membrane permeability. Furthermore the functional groups present at the surface of membrane are deprotonated [29] . This leads to increase in the thickness of diffuse double layer of charged functional groups. Hence it reduces the relative size of membrane pore and increases the rejection of charged solute.
The concentration of COD and TDS were increased in the retentate side of the nanofiltration separation process. COD was initially treated up to 96% with response surface optimized Fenton's reagent before membrane separation process. Then ammonium-N was recovered by chemical precipitation methods to form the struvite. These two chemical processes have increased the TDS concentration due to increase in ion concentration. These ions were separated by nanofiltration methods. It was calculated that 75 mg/L COD and 29,300 mg/L TDS was found in the concentrate after nanofiltration membrane separation process when 70% feed wastewater was recovered with initial volume of 30 L. The nanofiltration concentrate periodically transferred to the feed tank for chemical treatment and then membrane separation.
Fouling
The use of cross flow membrane module reduced the fouling of the membrane by the sweeping action of wastewater on the membrane. The retentate was recirculated in the feed tank. It was found that fouling was not significant during long hours of operation. The flux and rejection were did not decline effectively. However, build-up of concentration polarization is very much dependent on mode of operation and types of membrane modules used and hydrodynamics maintained. If the membrane module is operated in dead-end mode, concentration polarization builds up rapidly. Fouling can be avoided to a large extent by choosing proper module like flat-sheet cross-flow module where sweeping action of the fluid on membrane surface reduces the possibility of concentration polarization. However fouling can't be avoided completely, so after every 25 h PVDF MF membrane and 92 h NF membranes were got fouled. The cleaning of fouled membrane after filtration experiments was done by using deionized water, 0.1 N NaOH, 0.01 N NaOCl and 0.01 M HNO 3 . The treatment time may vary from types of membranes (MF or NF) and it may take 30-60 min time. Chemical cleaning is the most widely practiced method for reducing the fouling problem with an acidic, alkaline and alkali oxidizing agents to obtain the flux recovery [30] .
Economic Analysis
The cost estimation was carried out for a plant of capacity 50,000 l/day at a flux of 120 l m -2 h -1 by NF1 membrane at 15 bar pressure. Considering 16 working hours in a day the membrane area required was 27 m 2 using Eq. 17.
Membrane area required = Plant capacity (l day 1 )
Flux obtained (l m 2 day 1 )
Considering one module with membrane surface area of 0.5 m 2 the number of modules (n) required will be 54 given by Eq. 18.
Number of modules (n) = Required membrane area (m 2 )
Membrane area per module (m 2 )
The capital cost involves the civil investment for the installation of building, mechanical engineering cost for the cost of tanks, pipes and valves, electro-technical cost for the cost of rotameter, pressure gauge, pumps and pH probes and the membrane module cost. The operating cost includes the consumption cost of electricity, membranes, labor and chemicals. The components of capital cost were calculated from the following equations (Eq. 19 -Eq. 22). The overall capital and operating cost are given below in Tables Membrane module cost ($) = 400 n
The annualized capital and operating costs are to be calculated for the economic evaluation of hybrid treatment plant which is calculated for Q m 3 year -1 using Eq. 23 and Eq. 24 [31] . where n is project life and i is interest rate. A project life of 15 years with annual interest rate of 5% is reasonable for high quality stainless steel membrane modules [32] . The CRF value calculated is 0.088. On adding capital and operating costs, the annualized cost of production of 1 m 3 of reusable water stands at around $1.4 which seems to be quite affordable to the affected people. This estimate follows standard scale up principle though for a full scale plant, the cost may vary marginally.
CONCLUSION
Conventional biological treatment plants for municipal wastewater face difficulty at low temperatures due to impeded microbial growth. The investigated hybrid treatment scheme is characterized by high degree of separation of nutrients from wastewater even at very low temperature and is quite fast where the treatment period of days in conventional scheme turns into a matter of hours. Optimized Fenton's treatment using Response Surface Methodology of Design Expert software (8.0) helps achieve high degree of removal of the nutrients in the form of useful struvite fertilizer adding economy to the overall process. The formation of struvite is confirmed and characterized by FTIR, XRD and SEM analysis. In low temperature municipal wastewater treatment, the proposed scheme may be considered as a fast, green and economically attractive novel approach.
